Introduction
============

Chronic inflammation and increased oxidative stress appear to be major aging factors ([@evw014-B23]; [@evw014-B44]). Animals employ a broad anti-inflammatory and antioxidant machinery to decelerate aging. This machinery includes proteins, such as lipoproteins, that can suppress inflammation by covering hydrophobic surfaces brought about by inflammation. Inflammation can result from, for example, wounding or oxidative damage ([@evw014-B54]; [@evw014-B13]). Lipoproteins, in general, have roles beyond lipid transportation, and are strongly connected to health and longevity in humans ([@evw014-B5]; [@evw014-B45]; [@evw014-B26]).

Honey bees are used as a model species in aging studies due to their remarkable aging plasticity (reviewed by [@evw014-B48]). Typically, honey bee workers---the nonreproductive females in a colony---spend the first weeks of their approximately 6-week-long life inside the hive mainly nursing brood (nurse bees). Around the age of 21 days, workers born in summer start foraging, an activity characterized by rapid physiological aging ([@evw014-B66]). In temperate climates, honey bees do not hibernate. Instead, the workers born in autumn form a long-lived phenotype, and these winter workers (winter bees) can survive for several months or even over a year ([@evw014-B20]; [@evw014-B48]; [@evw014-B49]). These two honey bee worker cohorts differ in their capability to mitigate oxidative stress, the winter bees being most stress resistant ([@evw014-B48]; [@evw014-B49]).

An important part of the molecular machinery that regulates honey bee division of labor and life span is a protein called vitellogenin (Vg). This large lipid-carrying protein is produced in the fat body---a tissue with some analogy to the vertebrate liver---and stored there or secreted to the hemolymph, where it is a major protein component. Vg consists of several structural domains, and is modified in a complex manner by addition of glycans and phosphogroups ([@evw014-B59]; [@evw014-B29]) that, typically, guide proteins in their biochemical tasks ([@evw014-B10]). Vg is best known for its role in the formation of egg yolk in egg-laying animals ([@evw014-B59]); however, it also fulfills roles unrelated to reproduction in worker bees. Elevated Vg levels in worker bees provide protection against oxidative stress ([@evw014-B53]). This is due to the antioxidant property of the protein; Vg can neutralize free radicals ([@evw014-B53]; [@evw014-B30]). Another shielding effect of Vg is the recognition of dead and damaged cells in an anti-inflammatory manner ([@evw014-B30]). Furthermore, Vg has a positive effect on cellular immunity in the honey bee ([@evw014-B2]). These properties link Vg to stress resistance and longevity in honey bee workers ([@evw014-B48]; [@evw014-B49]) as, especially, the long-lived winter bees have elevated *vg* expression levels in autumn and in early winter ([@evw014-B20]; [@evw014-B6]).

The *vg* gene appears to have experienced major past and ongoing bouts of adaptive evolution in the honey bee, with a high number of amino acid changes fixed by positive selection ([@evw014-B36]). There are several evolutionarily recent *vg* copies in the genomes of many insect species, for example, the ant *Solenopsis invicta* has four *vg* copies ([@evw014-B64]), which are differentially expressed in the worker, queen, and male castes ([@evw014-B64]; [@evw014-B14]; [@evw014-B18]). These *vg* copies are absent in the honey bee, but we have recently identified three genes homologous to *vg* in the Hymenopteran genomes sequenced so far: *vg-like-A*, -*B*, and -*C* ([@evw014-B47]). It appears that these *vg* homologs have arisen from gene duplication events older than the species-specific *vg* duplications identified before ([@evw014-B64]). The ancestral *vg* gene has been duplicated early in insect evolution, with one of the duplicated genes giving rise to *vg-like-A* and -*B* (found also in a species as distant as mosquito *Anopheles gambiae*), and the other yielded *vg* and *vg-like-C*. *Vg-like-C* is only found in Hymenoptera ([@evw014-B47]). So far, expression of these insect *vg-like* genes has only been verified in ants ([@evw014-B47]). The function of the *vg-like* genes has remained unclear.

Our objective was to examine if the *vg-like* genes have anti-inflammatory and antioxidative qualities similar to *vg* in the honey bee. We hypothesized that *vg-like* genes with the most structural, posttranslational, and evolutionary similarities to *vg* are likely also functionally closer to *vg*. Alternatively, *vg-like* genes of limited similarity to *vg* might target a subset of the *vg* tasks, or have a function of their own. Based on the known *vg* expression patterns, we hypothesized that a *vg-like* gene with antiaging properties would be more expressed in the long-lived winter bees than in summer nurse bees and the expression should get upregulated also in the summer nurse bees when exposed to stressors. To test these ideas, we conducted a suite of analyses, including database searching, sequence-based predictions, and homology modeling of the *vg-like* genes in the honey bee, comparing them with *vg*. We also studied the population genetics of *vg-like* genes to determine if they are subject to positive selection like *vg*, and if patterns of positive selection of the *vg-like* genes occur in the same or different protein domains. Finally, we measured *vg-like* gene expression in winter bees and summer nurse bees, and tested if injecting summer nurses with bee saline or an oxidative agent can provoke *vg-like* gene expression.

Materials and Methods
=====================

Vg-Like Gene/Protein Characterization
-------------------------------------

We extracted genomic information on the *vg-like* genes based on the honey bee genome ([@evw014-B31]). Then, we ran sequence-based searches using different servers for prediction of posttranslational modifications and identification of structural protein domains. The following servers were used: SUPERFAMILY for protein domains, NetNGlyc 1.0 for glycosylation sites, NetPhos 2.0 for phosphorylation sites, SignalP 4.1 for a signal peptide, and the Honey Bee Peptide Atlas for protein localization. The latter is a mass-spectrometric database for peptides found in all three honey bee castes (workers, queens, and drones) in various tissues ([@evw014-B11]).

We built homology models of Vg and the Vg-like proteins using the MODELER software in the Discovery Studio 4.0 Modeling Environment (Accelrys Software Inc., San Diego). The X-ray structure of lamprey lipovitellin (PDB-ID: 1LSH) was used as the template as before for Vg-related proteins ([@evw014-B42]; [@evw014-B28]). We modeled the amino acid residues 22--839 of Vg; 83--787 of Vg-like-A; 36--700 of Vg-like-B, and 27--321 of Vg-like-C. The carboxyl-terminus sequence of Vg, Vg-like-A, and -B was considered unreliable for modeling owing to gaps in the template structure. In addition, there is no structural data available for the carboxyl-terminal vWFD domain. Thus, these areas were not modeled. The modeling was based on multiple sequence alignment of Vg and Vg-like proteins as in [@evw014-B47]. Multiple Vg sequence alignment ([@evw014-B7]) was also used as a reference. Five models per protein were built, with the optimization level High and with loop refinement. The lowest energy model was accepted as representative for each protein. The models were verified with the three-dimensional (3D) profile option in the software that compares the compatibility of the 3D structure of the protein and its sequence. Pymol software (The PyMOL Molecular Graphics System, Version 1.5.0.4; Schrödinger, LLC) was used for visualization.

Population Genetics Analysis
----------------------------

We first studied the rate of molecular evolution of *vg-like* genes using d*N*/d*S*, the ratio of the number of nonsynonymous substitutions per nonsynonymous site (d*N*) to the number of synonymous substitutions per synonymous site (d*S*). We used *Apis mellifera*'s Vg-like protein sequences to find orthologs in other *Apis* as well as *Bombus* using BLASTP ([@evw014-B34]). The resulting protein sequences were first aligned with Clustal Omega ([@evw014-B56]), then a refined coding sequence and protein alignment was produced using PAL2NAL 14 ([@evw014-B58]). PAML 4 ([@evw014-B62]) was then used to calculate d*N*/d*S* using published phylogenetic trees for *Apis* and *Bombus* ([@evw014-B65]; [@evw014-B63]). To test for patterns of accelerated molecular evolution, we used PAML with Model = 0, NS = 7 and 8, with omega and kappa kept variable, to compare model fit without and with positive selection. Separate runs were done using different codon frequency models, but on inspection this produced only small changes in calculated d*N*/d*S*, so results are reported for CodonFreq = 3. We report the average d*N*/d*S* for all sister species pairs in the tree. The final analysis included *A. mellifera*, *Apis cerana* (for all but vg-like-B), *Apis florea*, *Apis dorsata*, *Bombus impatiens*, and *Bombus terrestris*.

The d*N*/d*S* approach is useful for studying the rate of amino acid evolution, but some nonadaptive evolutionary process can mimic natural selection (reviewed by [@evw014-B38]). As such, we also carried out more robust tests of selection using population genetic data from *Apis*. We used sequences of *vg-like* genes from 11 *A. mellifera* and 1 *A. cerana* workers from a recently published large-scale population genomic data set ([@evw014-B25]). The *A. mellifera* samples were derived from Africa representing a large stable population that is minimally impacted by human management ([@evw014-B25]). Diploid worker genotypes were phased using PHASE v2.1.1 ([@evw014-B57]) with input files and output files processed through SeqPHASE ([@evw014-B19]). Population genetics summary statistics---nucleotide diversity (π), synonymous site divergence (*K*~s~), neutrality tests, Tajima's *D*, and Fu & Li's *D*---were calculated using DNAsp v5.10 ([@evw014-B40]). DNAsp was also used to carry out McDonald--Kreitman (MK) tests that compare the ratio of nonsynonymous to synonymous fixed changes between species with polymorphisms within species ([@evw014-B43]). We then used mkprf to estimate mean and standard deviation of the parameter gamma (γ) that is used to represent the product of effective population size and the selection coefficient, using a burn-in of 10,000 and 100,000 runs ([@evw014-B9]). Significance was evaluated based on the posterior distributions; γ was deemed significant if no more than 2.5% of the posterior distribution overlapped with zero. The population genetic data and methods can be found in the digital repository <http://dx.doi.org/10.5061/dryad.hq669>.

The Honey Bee Worker Samples
----------------------------

We measured *vg* and *vg-like* gene expression in two sets of worker bees (*A. mellifera ligustica*): Winter bees and summer nurses. Winter bees were collected from three hives in the Paulig mansion and the Toivola garden in Helsinki in mid-November in 2014 (ten individuals per hive). Summer bee nurses were collected from five hives located next to each other at the Viikki campus in Helsinki in May--June (26--30 nurses per hive). Nurses were identified based on their behavior, that is, workers in the process of tending brood. This behavior is performed by 4- to 12-day-old nurse bees ([@evw014-B33]). Summer nurses were further exposed to three treatments (see below), whereas the winter bees received the same treatment as the Control group of the summer nurses.

Experimental Design of the Inflammation/Oxidation Test
------------------------------------------------------

Summer nurses from all five hives were exposed to three treatments (Control, Sham, and Paraquat), to test for expression responses of the *vg-like* genes. The Control group (*N* = 49, 9--10 individuals per hive) received no injection. The Sham group received an injection of 2 µl sterile honey bee saline ([@evw014-B17]) (*N* = 44, 7--10 individuals per hive). The purpose of this group is to reveal gene expression changes provoked by the inflammation caused by a needle prick. Vg protein reacts to tissue damage ([@evw014-B30]); hence, this gene would be expected to react to a sham injection. Oxidative stress was induced by injection of 2 µl of 50 µg/g Paraquat (Sigma-Aldrich) diluted in bee saline (*N* = 49, 9--11 individuals per hive). The Paraquat dosage that deemed to cause a level of moderate oxidative stress was based on an earlier study in the honey bee ([@evw014-B53]). Prior to injections, all bees, including the Control, were anesthetized by a standard cold treatment of 3 min at −20 °C ([@evw014-B17]), and were kept on ice during the injections. The injections were made between abdominal segments using a Hamilton G 30 micro syringe (Becton Dickinson) as described in [@evw014-B1]. All bees, including the Control, were kept in plastic cages---five individuals in each---with 50% sugar solution for ad libitum feeding at 30 °C in a humidified incubator for 18 h, followed by tissue sampling.

Quantitative Real-Time PCR
--------------------------

For tissue sampling, the winter bees and summer nurses were anesthetized by cold treatment as above, and the gut and the stinger were removed on ice. The abdomen containing whole fat body tissue was detached, placed in 1 ml TRIsure (Bioline), and frozen at −80 °C until further processing. Before RNA extraction, the abdomens were homogenized with Tissue Lyser. The standard TRIsure procedure was used for RNA extraction (see manufacturer's instructions), and the isolated RNA was treated with DNase I (Thermo Scientific) to avoid amplification of genomic DNA.

The primers for the *vg-like* genes ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw014/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw014/-/DC1) online) were designed on exon--intron boundaries to ensure that genomic DNA was not amplified, using NCBI Primer-BLAST, and synthesized by OligomerHelsinki, Finland. We analyzed the melt curve output to confirm that no primer dimers or DNA amplification was produced during the cycles. The reference genes were chosen based on previous Real-time PCR (qPCR) work in the honey bee ([@evw014-B16]; [@evw014-B60]). The efficiencies of the primers were tested in their appropriate annealing temperatures, and the correlation coefficients (*R*^2^) of the chosen primers all ranged from 0.963 to 0.998 ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw014/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw014/-/DC1) online).

Real-time PCR (qPCR) was performed on single individuals as follows: Initial denaturation at 95 °C for 3 min; 39 cycles with denaturation at 95 °C for 15 s; and primer-pair-specific annealing temperature ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw014/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw014/-/DC1) online) for 60 s. Reactions were done with BioRad iQ qPCR SYBR Green Master Mix using the BioRad CFX 384 qPCR Cycler in triplicates. We used 5 µl of 100 ng/µl RNA. By monitoring negative control samples (without reverse transcriptase) and melting curves, we verified that the qPCR assay was not confounded by DNA contamination or primer dimers.

Gene expression was analyzed based on standardized *Ct* values (Δ*Ct*) ([@evw014-B41]), where *RP49* ([@evw014-B16]) was used as the reference gene for *vg*, *vg-like-A*, and *vg-like-B* and *actin* ([@evw014-B60]) for *vg-like-C*. The reference genes (*RP49* and *actin*) were chosen based on their optimal primer behavior in the temperatures that differed for *vg-like-C* and the other genes. Because the raw *Ct* values of the two reference genes did not differ substantially across samples and individuals (visual comparison), all genes were analyzed in the same model. To compare the effects of treatment on gene expression among the genes, we performed a mixed effects model with treatment (Control, Sham, Paraquat), gene (*vg*, *vg-like-A*, *vg-like-B*, *vg-like-C*), and the interaction of treatment and gene as fixed factors. Colony of origin was included as random effect. For all statistical tests we used a threshold level of significance of α = 0.05. Statistical analysis was carried out in R version 3.1.1 (R Core Team 2014), using the package nlme (Pinheiro J, Bates D, DebRoy S, Sarkar D and R Core Team 2015; nlme: Linear and Nonlinear Mixed Effects Models. R package version 3.1-119, <http://CRAN.R-project.org/package=nlme>, last accessed February 18, 2016).

Results
=======

We used computational and in vivo analysis to investigate the role *vg-like* genes/proteins may play in honey bee longevity. The computational results include protein characterization via database searches, sequence-based predictions, and a population genetic analysis. The in vivo results are based on gene expression analysis on honey bee workers of two different cohorts, and subjected to different treatments.

vg-Like Gene/Protein Characterization
-------------------------------------

The results of database searches show that *vg* and the *vg-like* genes differ in their genomic organization; *vg* is located on chromosome LG4, *vg-like-A* on chromosome LG13, and *vg-like-B* and -*C* on the same chromosome LG2 ∼4,480 kbp apart. Furthermore, *vg-like-C* coding sequence is approximately half the length of the other genes. The intron percentage also differed, being higher in *vg-like-C* (52.68%) and *vg-like-B* (33.40%), compared with *vg-like-A* (20.60%) and *vg* (11.92%). An in silico predicted splice variant was found only for *vg-like-B*; this splice variant lacks the last exon. The protein encoded by each of the genes belongs to the protein family pfam01347, which is also named as Vitellogenin_N. All Vg-like amino acid sequences contained at least one predicted glycosylation site, a secretion signal peptide, and a few predicted phosphorylation sites ([table 1](#evw014-T1){ref-type="table"}). Table 1Sequence-Based Predictions of Glycosylation and Phosphorylation Sites and Signal Peptide in Vg and the Vg-Like Proteins, and Protein Localization Based on a Mass-Spectrometric DatabaseProtein NameGlycosylation SitesSignal PeptidePhosphorylation Sites (Ser/Thr/Tyr)Localization (Q = queen, W = worker, D = Drone)Vg316 aa74/28/17Q, W: Most tissuesD: Many tissuesAbundancy: Q\>W≫DVg-like-A618 aa39/15/14Q: Fat body, heart, legW, D: Fat body, heart, leg, antennaAbundancy: W\>Q≫DVg-like-B1135 aa32/12/27---Vg-like-C111 aa13/4/3Q, W, D: Antenna baseAbundancy: D\>W\>Q

The localization of the Vg-like proteins was inspected using the honey bee mass-spectrometric data base ([@evw014-B11]) ([table 1](#evw014-T1){ref-type="table"}). The protein corresponding to *vg-like-A* was more abundant in workers than in queens. It was found largely in the fat body with surrounding tissues (the heart and the terga), and in the third pair of legs. In lesser quantities, it was also found in the scape (the antennal base), the second pair of legs, and the sterna (the abdominal cuticula). The protein corresponding to *vg-like-B* was not identified in the database. Finally, the protein corresponding to *vg-like-C* was found in all three castes (workers, queens, and males) in one location: The scape (antennal base). *Vg-like-C* more abundant in the drone and worker castes than in the queen caste.

The comparison of protein structure by homology modeling shows that Vg-like-A shares nearly all of the features of Vg ([fig. 1*A* and *B*](#evw014-F1){ref-type="fig"} and [supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw014/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw014/-/DC1) online). Also, the Vg-like-B exhibited most Vg features. In contrast, Vg-like-C is a truncated protein, and so differs considerably from Vg. A protein domain search using the SUPERFAMILY server shows that all the Vg-like proteins contain the N-terminal domain called N-sheet ([fig. 1*A* and *B*](#evw014-F1){ref-type="fig"}). However, the small Vg-like-C has no other domains but the N-sheet. All Vg-like proteins lack the polyserine linker region following the N-sheet in Vg ([fig. 1*A* and *B*](#evw014-F1){ref-type="fig"}). Vg-like-A and -B possess the N-terminal α-helical domain and most large β-sheets forming the lipid-binding cavity of Vg. In the Vg C-terminus, there is a vWFD domain containing a signature amino acid sequence followed by nine cysteine residues ([@evw014-B59]); in Vg-like-A, the cysteine residues were missing. Vg-like-B fully lacked vWFD. F[ig]{.smallcaps}. 1.---The domain architecture of Vg and Vg-like proteins in the honey bee. (*A*) A bar presentation of the full amino acid sequences. The domains N-sheet, α-helical, and vWFD are highlighted, as well as the polyserine linker. The approximate area that carries lipid molecules is indicated as Lipid cavity. (*B*) Partial homology models of the proteins. The lipids (orange) are captured from the template structure (PDB-ID = 1LSH). The colors in *A* correspond to the domain colors in *B*. Most of the gray areas in the lipid cavity and the vWFD are missing in the models (see Materials and Methods).

Population Genetic Analysis on vg-Like Genes
--------------------------------------------

We first studied general patterns of amino acid evolution of Vg-like proteins using d*N*/d*S* ([table 2](#evw014-T2){ref-type="table"}). We did not find evidence of accelerated amino acid evolution, which may indicate positive selection, across the entire sequence of the Vg-like genes, although Vg-like-B's N-terminal domain did show significant patterns of accelerated evolution. However, both adaptive and neutral process can influence d*N*/d*S* ratios ([@evw014-B24]; reviewed by [@evw014-B38]), and several characteristics of social insects may particularly distort d*N*/d*S* ratios ([@evw014-B35]), including biased gene conversion which is especially strong in *Apis* ([@evw014-B37]). We thus carried out more extensive population genetic tests of adaptive evolution in *Apis*. Table 2Summary Statistics for Molecular Evolution in the Vg-Like GenesVgA-wholeVgA-N[^a^](#evw014-TF1){ref-type="fn"}VgB-wholeVgB-NVgC-wholeVgC-NSelection coeff (γ)1.163[\*](#evw014-TF3){ref-type="fn"}2.699[\*](#evw014-TF3){ref-type="fn"}−0.6872.660[\*](#evw014-TF3){ref-type="fn"}0.9081.885[\*](#evw014-TF3){ref-type="fn"}Tajima's *D*−1.158−1.043−1.761−2.28005[\*](#evw014-TF3){ref-type="fn"}−0.653−1.514Fu & Li's *D*−0.969−1.018−1.761−3.47505[\*](#evw014-TF3){ref-type="fn"}−0.661−1.640π (*Apis. mellifera*)0.0080.0080.0000.0000.0240.021*K*~s~ (divergence)0.1840.2520.0500.0540.2240.245d*N*/d*S*[^b^](#evw014-TF2){ref-type="fn"}0.2020.1860.1600.121[\*](#evw014-TF3){ref-type="fn"}0.1550.151[^3][^4][^5]

We found evidence for positive selection acting on all or some parts of Vg-like proteins using a Bayesian implementation of the MK, which estimates the average population-size scaled selection coefficient on replacement mutations (gamma). Significant positive selection (i.e., large and positive gamma estimates) was found for the N-terminal domains (the N-sheet domain and the α-helical domain, the latter is present in Vg-like-A and -B only) of all three proteins, Vg-like-A, -B, and -C ([table 2](#evw014-T2){ref-type="table"}). Additionally, other parts of Vg-like-A are also under positive selection given the overall high gamma estimated across its entire amino acid sequence. Evidence of positive selection on the N-terminal domains of the Vg-like proteins using the MK test is corroborated by population genetic summary statistics, including negative values of Tajima's *D* and Fu & Li's *D*.

We mapped the fixed amino acid differences between *A. mellifera* and *A. cerana* in the N-terminal areas, for which we have reliable homology models of the Vg-like proteins ([fig. 2](#evw014-F2){ref-type="fig"}). There were 40 fixed changes in Vg-like-A, 6 in Vg-like-B, and 20 in Vg-like-C. Certain functionally interesting areas appear to be enriched in amino acid changes in the Vg-like-A and -C protein structures. One such area is a bundle of loops that connect β-sheets in the N-sheet domain; 9/40 of fixed changes are located here in Vg-like-A and 5/20 in Vg-like-C ([fig. 2](#evw014-F2){ref-type="fig"}). Another area is close to the hypothetical lipophilic ligand in Vg-like-C with 5/20 fixed changes ([fig. 2](#evw014-F2){ref-type="fig"}). In Vg-like-A α-helical domain, the changes also appear to be enriched in the N-terminal beginning of the α-helical domain (7/40 changes). In Vg-like-B, the fixed changes appear to be evenly distributed. F[ig]{.smallcaps}. 2.---Location of the fixed amino acid differences between *Apis mellifera* and *Apis cerana* in Vg-like-A, -B, and -C proteins. The protein models of *A. mellifera* are shown in light gray. The amino acid residues with fixed changes are shown as sticks colored green in the N-sheet domain, red in the α-helical domain, and black in the remaining area (partial lipid cavity). For clarity, only the single lipid putatively located in the N-sheet domain is shown (orange). Some structural elements with known or putative functional importance have several fixed changes that are encircled: A loop area in the N-sheet (black circle), an area near the putative lipophilic ligand (gray circle in Vg-like-C), and an area in the α-helical domain (red circle in Vg-like-A).

Gene Expression and Test for Anti-Inflammatory and Anti-Oxidative Function
--------------------------------------------------------------------------

To compare seasonal changes in gene expression, we verified the *vg* and *vg-like* gene expression in two sets of honey bee workers---one set collected in winter (winter bees) and another collected in summer (summer nurse bees) ([fig. 3](#evw014-F3){ref-type="fig"}). *Vg-like-A* shows a 13-fold and *vg* an11-fold increase in expression in winter bees, compared with summer bees, whereas the corresponding ratios for *vg-like-B* and *vg-like-C* are 1.4, and 0.4, respectively. Within seasonal cohorts the expression of *vg* was 16-fold compared with *vg-like-A* in winter bees, and 20-fold in summer nurse bees. In comparison with *vg-like-B*, the expression of *vg* was143-fold in winter bees, but only 18-fold in summer nurse bees. Compared with *vg-like-C*, the expression of *vg* was over 10,000 times higher in winter bees and 358 times higher in summer nurse bees. Thus, *vg* and *vg-like-A* both showed considerably increased expression levels in winter bees in conjunction with little seasonal changes in the *vg* to *vg-like-A* expression ratio. In contrast, winter bees showed negligible upregulation in *vg-like-B*, whereas the expression of *vg-like-C* in winter bees was 75% of that in summer nurse bees, hence, the difference in expression between these two genes and *vg* was markedly larger in winter bees than in summer nurse bees ([fig. 3](#evw014-F3){ref-type="fig"}). F[ig]{.smallcaps}. 3.---The expression of *vg* and the *vg-like*-genes in winter bees (W) and summer nurses (S) (mean ± standard error of the mean, *N* = 30 winter bees from 3 hives and *N* = 49 summer nurses from 5 hives, with 9--10 individuals per hive). The expression was measured by qPCR and normalized to a reference gene (*RP49* or *actin*). The summer nurses shown here are the same as the Control group in figure 4.

We tested whether expression changes could be provoked by Paraquat injection (oxidative stress) or by the inflammatory effect of a sham injection alone in summer nurse bees ([fig. 4](#evw014-F4){ref-type="fig"} and [tables 3](#evw014-T3){ref-type="table"} and [4](#evw014-T4){ref-type="table"}), and found a significant upregulation of *vg* and *vg-like-A* in the injected nurses, in both the Sham and the Paraquat treatment groups, compared with the noninjected Control group. The upregulation of *vg-like-A* was significantly higher than that of *vg*, both in the Sham treatment (*t* = −3.3342, DF = 538, *P* = 0.0009; [table 4](#evw014-T4){ref-type="table"}) and in the Paraquat treatment (*t* = −3.3033, DF = 538, *P* = 0.0010; [Table 4](#evw014-T4){ref-type="table"}). There was no significant difference between the Sham and the Paraquat treatment, which suggests that injection trauma alone can upregulate *vg* and *vg-like-A*. In the case of *vg-like-B*, the Paraquat exposure induced a significant gene upregulation, compared with the noninjected Control. However, neither the difference between the Control and Sham treatments, nor that between the Sham and Paraquat treatments was significant. There were no significant expression differences between the treatment groups for *vg-like-C*. F[ig]{.smallcaps}. 4.---The expression of *vg* and the *vg-like* genes in summer nurse bees (mean ± standard error of the mean, *N* = 49, 44, and 49 for Control, Sham, and Paraquat, respectively, with 7--11 individuals from five hives). The three treatment groups were: Control (noninjected), Sham (injected with bee saline), and Paraquat (injected with oxidative poison Paraquat in bee saline). Significant differences are indicated (0.05 is denoted by \*; \<0.01 is denoted by \*\*\*). The expression was measured by qPCR and normalized to a reference gene. Table 3Pairwise Comparisons of Gene Expression Differences between the Three Treatment Groups for Each Gene in Summer Nurse BeesGeneTreatment ComparisonEstimateStandard Error*Z* Value*P* Value*vg*Control--Sham−1.770200.49000−3.6130.000546\*\*\*Control--Paraquat−2.016430.47383−4.2564.69 × 10^−5^\*\*\*Sham--Paraquat0.246220.487640.5050.690318*vg-like-A*Control--Sham−4.098510.49776−8.2347.99 × 10^−16^\*\*\*Control--Paraquat−4.254380.48423−8.786\<2.00 × 10^−16^\*\*\*Sham--Paraquat0.155870.489990.3180.794542*vg-like-B*Control--Sham−0.537820.49481−1.0870.383639Control--Paraquat−1.137560.48178−2.3610.029812\*Sham--Paraquat0.599740.484751.2370.324015*vg-like-C*Control--Sham0.471770.487210.9680.401082Control--Paraquat0.460040.476420.9660.401082Sham--Paraquat0.011740.487100.0240.980779[^6][^7] Table 4Effect of Treatments on the Expression of *Vitellogenin* and Differences in the Expression of *vg-Like* Genes Compared with *Vitellogenin*EffectEstimate (± standard error)*t* value[^a^](#evw014-TF5){ref-type="fn"}*P* valueIntercept4.77 ± 0.44*t*~538~ = 10.906\<0.0001Sham−1.77 ± 0.49*t*~538~ = −3.6130.0003Paraquat−2.02 ± 0.47*t*~538~ = −4.256\<0.0001*vg-like-A*4.74 ± 0.48*t*~538~ = 9.782\<0.0001*vg-like-B*2.89 ± 0.48*t*~538~ = 5.962\<0.0001*vg-like-C*7.06 ± 0.48*t*~538~ = 14.815\<0.0001Sham × *vg-like-A*−2.33 ± 0.7*t*~538~ = −3.3340.0009Paraquat × *vg-like-A*−2.24 ± 0.68*t*~538~ = −3.3030.001Sham × *vg-like-B*1.23 ± 0.7*t*~538~ = 1.770.077Paraquat × *vg-like-B*0.88 ± 0.68*t*~538~ = 1.3010.194Sham × *vg-like-C*2.24 ± 0.69*t*~538~ = 3.2460.001Paraquat × *vg-like-C*2.48 ± 0.67*t*~538~ = 3.6860.0003[^8][^9]

Discussion
==========

Honey bee Vg is a multifunctional hemolymph protein that promotes longevity (reviewed by [@evw014-B49]). Here, we show that in the honey bee the homologous genes, *vg-like-A, vg-like-B*, and *vg-like-C*, have diverged both from *vg* and from each other, not only by their gene and protein architecture, but also by their evolutionary pattern and their function. We identify *vg-like-A* as the closest structural and functional relative to *vg*, with a likely role in honey bee aging.

We found that the genomic organization, such as chromosomal location, size, and the exon and intron content, differs between *vg* and the *vg-like* genes. This probably reflects their ancient origin in insects ([@evw014-B47]). Only *vg-like-B* and *-C* were found to be located in the same chromosome in the honey bee, yet they are not the evolutionarily closest homologs. *Vg-like-A* and *-B* are more closely related, and *vg-like-C* has probably evolved from a more recent *vg* duplication event, according to the phylogeny by [@evw014-B47].

Our predictions based on amino acid sequence identified a secretion signal peptide and several glycosylation sites typical for secreted proteins ([@evw014-B10]) in all three Vg-like proteins. In addition, we found peptide hits for Vg-like-A and Vg-like-C outside the fat body. These findings suggest that Vg-like proteins apparently exit their production site and enter the hemolymph. The main production site is most likely the fat body, as Vg and most secreted proteins are produced in this tissue ([@evw014-B4]). The presence of the N-sheet domain in all three Vg-like proteins suggests that they could be taken up from the hemolymph by some tissues, given that the N-sheet contains the Vg receptor binding area ([@evw014-B52]). The Vg receptor transfers Vg to tissues located in the head, the ovaries, and the hypopharyngeal glands, among others ([@evw014-B22]). However, further studies are needed to assess whether the same receptor facilitates the uptake of both Vg and Vg-like proteins, and to pinpoint the precise location of the Vg-like proteins.

Our peptide search suggests that Vg-like-A and -C are more abundant in the sterile workers than in the queen. Consequently, these proteins are unlikely candidates for egg yolk formation, which is one of the best described roles of Vg ([@evw014-B59]). Furthermore, heavy phosphorylation is associated with the uptake of Vg to the eggs ([@evw014-B46]; [@evw014-B51]), but we show here that the number of predicted phosphorylation sites in all three honey bee Vg-like proteins is low compared with Vg, and they lack the highly phosphorylated polyserine linker structure. Previously, we have shown that the *vg-like* genes have relatively low expression levels in ant queens compared with ant workers ([@evw014-B47]), which also suggests that Vg-like proteins are specialized to tasks other than egg yolk formation in social insects.

Based on homology modeling, Vg-like-A appears to resemble Vg more than the other Vg-like proteins by its protein structure. The presence of all structural elements with the exception of the polyserine linker might enable Vg-like-A to perform many tasks similar to those of Vg. Vg-like-B, on the other hand, has lost the polyserine linker, a vWFD domain of unknown function, and has a slightly truncated lipid cavity. These structural differences suggest that Vg-like-B can only perform a restricted subset of Vg's functional repertoire. Vg-like-C is strikingly different from the other homologs by containing a single domain, the N-sheet. The absence of a large lipid cavity suggests that this protein is unlikely to be involved in lipid metabolism, although the N-sheet in a vertebrate Vg is known to carry one lipid molecule ([@evw014-B3]). Vg-like-C also lacks the α-helical domain, which mediates the anti-inflammatory actions of Vg ([@evw014-B30]). The Vg-like-C structure suggests a strict specialization to one or more limited tasks has taken place. This is further corroborated by the fact that Vg-like-C is only found in the scape, suggesting that it has possibly acquired a new neurobiological function.

Our population genetic analysis revealed significant positive selection in the entire *vg-like-A* gene, and in the area corresponding to the protein N-terminus in all the *vg-like* genes. In contrast, in *vg*, positive selection has been shown to affect the lipid cavity, but not the N-terminus ([@evw014-B36]). The fixed nonsynonymous differences that we mapped on the Vg-like protein models were concentrated to certain hotspot areas in Vg-like-A and Vg-like-C, such as one of the loop regions in the N-sheet domain. The role of these loops is unclear, but they may be involved in interactions with neighboring macromolecules ([@evw014-B28]). In Vg-like-A, there was another hotspot for fixed amino acid differences in the α-helical domain, linked to Vg's anti-inflammatory actions ([@evw014-B30]). Changes in the α-helical domain could, possibly, modify a response to inflammation, but this remains speculative. In Vg-like-C, there was a hotspot surrounding a putative lipid ligand, which could be interpreted as an adaptation to different ligand molecules. We identified few fixed differences in Vg-like-B, which is in accordance with our previous phylogenetic analysis of insect *vg-like*-genes, where *vg-like-B* was found in the only branch in the phylogenetic tree that has not experienced a period of accelerated amino acid evolution after *vg* duplications ([@evw014-B47]).

Our gene expression analysis provides the first evidence that all three *vg-like* genes are expressed in the honey bee, both in winter bees and summer nurses. The levels of gene expression are similar to previous findings in ants ([@evw014-B47]); *vg* is expressed most heavily, followed by *vg-like-A* and -*B*, whereas the expression of *vg-like-C* is very modest. We also found that the expression of *vg-like-A* is higher in winter bees than in nurses---a pattern similar to *vg* in the honey bee ([@evw014-B15]). This change is consistent with *vg-like-A* being linked to the longevity of winter bees, as is the case for *vg* ([@evw014-B48]; [@evw014-B49]). These results notwithstanding, we found that an increase in *vg-like-A* expression can also be triggered in summer nurse bees subjected to an injection. Vg is an anti-inflammatory protein that attaches to damaged cells ([@evw014-B30]), hence, it was expected that *vg* gene would react to a sham injection. This was observed also in the case of *vg-like-A*. Indeed, both injections of saline and Paraquat induce a higher level of *vg-like-A* gene upregulation than for *vg*. Possibly, *vg-like-A* could be linked to the melanization reaction that is induced by injection. A Vg-related protein is involved in melanin synthesis in the mealworm *Tenebrio molitor* ([@evw014-B39]).

In addition to a protective role under inflammation and oxidative stress, Vg-like-A may also have other roles. The study by [@evw014-B55] suggests that Vg-like-A is a lipid transporter during metamorphosis, as this protein accumulated in hemolymph at the end of the larval stages (larval-specific very high density lipoprotein in that study). Also *vg* is transcribed in young developmental stages ([@evw014-B50]). Possibly, both Vg and Vg-like-A have a dual role in basic lipid trafficking during various life stages and, on the other hand, in protection against inflammation and oxidative stress. Lipoproteins of animals, including human, are known to have such dual roles in lipid metabolism and defense ([@evw014-B54]; [@evw014-B13]).

In this study, the effect of injection of bee saline alone did not significantly upregulate *vg-like-B* or *vg-like-C* expression. However, the joint effect of injection and oxidative stress (i.e., injection of Paraquat) leads to *vg-like-B* upregulation. A speculative interpretation is that *vg-like-B* has a specific role during oxidative stress, but is not needed to modify moderate inflammation, unlike *vg* and *vg-like-A* that respond to any inflammatory trauma caused by injection. *Vg-like-C* differed from the other genes analyzed here by its unresponsiveness to any injection treatments. The localization in the antenna as suggested by our peptide search, the dwarf size, and the low expression level all suggest that *vg-like-C* might have subfunctionalized to one of the roles of ancient *vg*, and this role is likely not related to aging. In subfunctionalization, a gene copy adopts a function of the ancestral pleiotropic gene after duplication ([@evw014-B32]). Hypothetically, *vg-like-C* could be involved in carrying a small hydrophobic ligand in the antenna. This speculation, however, calls for more experiments.

In summary, we show that Vg-like genes/proteins share structural similarities with Vg, but each of them also has unique gene/protein architecture and a distinct pattern of positive selection, which are indicative of a divergence of functions. Based on our gene expression studies, we suggest that *vg-like-A* has a similar longevity supporting role as *vg*, and that *vg-like-C* is unrelated to antiaging actions, but likely highly specialized to an unknown role. This subfunctionalization of the gene copies can help to understand the rapid historical and ongoing evolution of such a pleiotropic gene as *vg* ([@evw014-B27]; [@evw014-B36]; [@evw014-B47]). We also show that all copies of *vg* and *vg-like* genes are subject to positive selection, but that the precise target sites of the proteins are different from those identified in Vg. Indeed, it has been suggested that genes can evolve rapidly after duplication ([@evw014-B12]), and acquire novel functions or specialize on one function within a set of many. The ant-specific *vg* copies are differentially expressed in the queen and the workers ([@evw014-B61]; [@evw014-B14]; [@evw014-B18]), which indicates that *vg* can acquire new functions via duplication even in an evolutionarily short time. Our population genetic evidence further supports this hypothesis.
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